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ABSTRACT 
Alkali treated aluminosilicate (geopolymer) was functionalized by 
surfactant to increase the hydrophobicity for making Pickering emulsion for the 
first part of this work.  
 In the first part of this study, alkali treated metakaolin was functionalized 
with cetyltrimethylammonium bromide ((C16H33)N(CH3)3Br, CTAB). The 
electrostatic interaction between this quaternary ammonium and the surface of the 
aluminosilicate which has negative charge has taken place.  
 The particles then were used to prepare Pickering emulsion. The resulting 
stable dispersions, obtained very fast at very simple conditions with low ratio of 
aluminosilicate to liquid phase. 
In the second part, the interaction between geopolymer and glycerol was 
studied to see the covalent grafting of the geopolymer for making geopolymer 
composite. The composite material would be the basis material to be used as 
support catalyst, thin coating reagent and flame retardant material and so on,   
Variety of techniques, Thermogravimetric (TGA), Particle-induced X-ray 
emission (PIXE), FTIR, Solid state NMR, Powder X-ray diffraction (PXRD), 
BET surface area, Elemental analysis (CHN), TEM, SEM and Optical microscopy 
were used to characterize the functionalized geopolymer.  
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1 Introduction 
1.1 Geopolymers, synthesis and applications   
 
Geopolymers are mostly referred to a class of alkali-activated 
aluminosilicate which have a high potential in widespread applications including 
construction, thermal insulation, composite fabrications and drug delivery. By 
tuning the size and composition, they can lead to further new applications [1]. 
Being such an important material, mechanism of formation of geopolymer is 
currently not very well understood [2]. Van Jaarsveld pointed out the 
geopolymerization is a complex multiphase process which is involved a series of 
dissolution-reorientation-solidification by hydrothermal treatment of solid 
precursors [3], formation of AlO4 - SiO4 tetrahedral framework takes place. The 
reaction between aluminosilicate and alkaline solution has been investigated for 
over 50 years [4]. The dissolution and reprecipitation reactions take place during 
the leaching of metakaolin (which is dehydroxylated form of mineral clay 
kaolinite) with alkaline hydoxide or silicate solutions [5] and often called 
“geopolymer resin”. By curing the geopolymer resin at temperature below 100 
°C, a solid that is amorphous called geopolymer material is produced. However in 
some literatures, many authors pointed out a coexistence of nanometer-sized 
zeolitic structures and amorphous gel phases [6, 7] others have described the 
existence of semicrystaline or polycrystalline phases [7, 8, 9]. Bortnovsky O. et 
al. believed geopolymers can be considered as amorphous analogues of zeolites 
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possessing some catalytic properties when incorporated with Pt, Fe, Cu and Co 
[10, 11]. 
Geopolymers materials are environmentally friendly and they are considered as 
replacement for Ordinary Portland Cement (OPC) due to considerably lower CO2 
emission in comparison with OPC during manufacturing [5-9]. According to 
Duxson and Van Deventer [10] alkali-activated binders have 80% lower CO2 
emissions in comparison with low emissions PC (0.67 ton/ton). It should be noted 
that geopolymers, having a lower impact on global warming than OPC, can have 
impact regarding other disadvantages. The high cost of alkali-activated binders is 
one of the major disadvantages of them over Portland cement. 
Stabilization of toxic waste materials is a very important issue in recent years and 
geopolymers have been considered as prospective inorganic matrixes for toxic 
waste stabilization and solidification. Although the stabilization techniques are 
still unknown but some commercial success has been achieved [11]. A fairly 
prospective application a new type of redox heterogeneous catalysts based of 
alkali-aktivated aluminosilicates has been suggested by the authors [12, 13]. 
Importantly, geopolymer can be made with the waste material. For example, one 
of the most interesting sources of aluminosilicate for making geopolymer that has 
attracted enormous cosideration recently is fly ash which is a residue of 
combustion of coal due to waste utilization. Depending on the applications of 
geopolymer, many other different kinds of raw materials can be used as a source 
of aluminosilicates. Some of them are listed below as aluminosilicate sources. 
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1- Slag which is a partially vitreous by-product of smelting ore to separate 
the metal fraction from the unwanted fraction. 
2- Relatively pure clay minerals (kaolinite, halloysite and so on) which are 
dehydroxylated at around 700 °C for a couple of hours to form an amorphous 
materials due to removing the water. That is used in this project as one the 
aluminosilicate sources. 
3- Fly ash which is a residue of combustion of coal  
4- Commercial fine-grained calcined amorphous metakaolin (e.g., from 
BASF) which is used also in this project as one of the aluminosilicate sources. 
5- Crushed and recycled glass cullet powder. 
6- Heated (1200 °C) basalt from volcanic tufts, Feldspars [14]. 
Geopolymer is usually formed by mixing the aluminosilicate powders (which are 
listed above) with a liquid alkali activator such as sodium or potassium hydroxide. 
The molar ratio of silicon to alkali metal oxide (or water glass in some cases) 
should be given. Commercial water glass is a concentrated aqueous solution of an 
alkali silicate with silica to alkali metal oxide molar ratio from 1.5 to 4. In this 
project both of them (sodium or potassium hydroxide and water glass) are used as 
activator of aluminosilicate.  
The difference in mole ratio of sodium to aluminum to silicon (Na:Al:Si) 
causes different kind of geopolymers with variety of properties. In most 
aluminosilicate sources, the mole ratio of aluminum to silicon is equal to one 
(Al:Si=1:1). If a geopolymer with mole ratio of Si:Al≥1:1 is needed. There should 
be another source of silicon which can be water glass or silica. Amount of water is 
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extremely important for different application of geopolymer.  A large amount of 
water with high alkali metal oxide is usually beneficial in dissolution of the metal 
precursors. A sufficient amount of water can also be advantageous provide 
adequate fluidity when additives or fillers are homogeneously mixed into the 
liquid.  However, the high water amount in liquid may give an adverse effect to 
the mechanical strength of the resulting geopolymer material or geopolymer 
composite, causing shrinkage and cracking during curing of the geopolymer resin 
[1]. Chemical composition of geopolymers which is used in this study is shown in 
table 1.1. 
Table 1.1: Chemical composition of geopolymer 
Na:Al:Si 1:1:2 
Na:Al:Si 0.5:1:1 
Na:Al:Si 1:1:1 
Na:Al:Si 2:1:1 
H2O:Al ~10 
 
           In the pioneering work of J. Davidovits [15], the terms “Polysiloxo”, 
“Polysiloxonate”, “Polysilanol”, “Polysialate” were used as a building block of 
mature geopolymer. Mature geopolymer is referred to a geopolymer that has been 
cured completely. Therefore mature geopolymer includes aluminum and silicon 
tetrahedral interlinked by sharing the oxygen. However according to 
“Loewenstein aluminum avoidance principle”, whenever two tetrahedral species 
are linked by one oxygen bridge, aluminum can be only one of those tetrahedral 
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species then consequently there cannot be any Al-O-Al linkage (Loewenstein, 
1954). Aluminum is hexa, penta and tetra-coordinated in the precursor and after 
geopolymerization tetra-coordinated aluminum provides negative charge to the 
surface of aluminosilicate framework. This extra negative charge is neutralized by 
cations such as sodium and potassium [16]. This shows that geopolymer or clay 
has a potential to be functionalized at the surface [17, 18]. This information is the 
basis of one of our aims to study the surface functionalization of geopolymer. To 
do so, cetyltrimethylammonium bromide ((C16H33)N(CH3)3Br, CTAB) has been 
used as a surfactant. Surface functionalized geopolymer have number applications 
such as intermediate structure [19, 20], template [21] to produce new materials 
and changing in the material properties of the polymers, such as improving their 
mechanical strength and lowering their gas permeability [22].  
1.2 Emulsions 
 
Emulsions have numerous applications in industry and academic research, 
therefore emulsion technology is considered as an emerging field. One way of 
stabilizing the emulsion is, using functionalized particle which was mentioned 
above. An emulsion is a thermodynamically unstable mixture of two or more 
liquids that are normally immiscible. In emulsion system, the dispersed phase 
forms droplets and as a result it is differentiated from the other liquid which is 
named the continuous phase [23]. These two liquid phases are mostly water and 
organic liquid which is referred as oil. However the word “oil” does not have to 
reflect the actual meaning of that and when authors mentioned water in oil (W/O) 
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or oil in water (O/W) emulsion, they might refer to the other derivatives of the 
organic substances [23, 24]. Stable emulsions are anticipated to show some 
requirements such as their ability to reduce the oil-water interfacial tension and 
also they have to fill new interface quickly to avoid coalescence [25]. The 
mechanism of the stabilization process of emulsifiers can be electrostatic 
stabilization by ionic surfactants and steric stabilization by non-ionic surfactants 
with polyoxyethylene chains [23].    
In industry, emulsions have a lot of applications in cosmetics, 
pharmaceuticals, petroleum and food products such as ice cream which is oil in 
water (O/W) and butter which is water in oil (W/O) emulsion [25]. In some cases 
particles can stabilize emulsion. In one type of emulsion, solid particles act as 
stabilizer and this kind of emulsion is called Pickering emulsion. Pickering 
emulsion was discovered by British scientist, S.U. Pickering in 1907 [26]. By this 
discovery, the importance of effective emulsifier particles has been emerged due 
to their ability to locate at the oil-water interface and also their role as a hinder 
coalescence [27]. In the Pickering emulsion, the size of droplets must be much 
bigger than the size of particle and some part of particle surface should be wetted 
by water and whereas some other parts should be wetted by oil [28]. There is a 
correlation between particle size and emulsion stability. Usually, smaller particles 
allow more stable emulsion. The concentration of the particles and emulsion 
stability is another correlation, according to which increase in the concentration of 
particle provides more stable emulsion due to the decrease in droplet size which 
  7
uses more particles on the interface [29]. To make a Pickering emulsion, 
MetaMax (or commercial metakaolinite) treated with alkali is used due to the fact 
that it is one of the most abundant clay mineral, therefore it is easy available and 
cheap. It also can be functionalized with surfactant for different purposes as 
mentioned above. Cetyltrimethylammonium bromide ((C16H33)N(CH3)3Br, 
CTAB), is used as hydrophobic molecule which has stabilization effect on 
emulsion by the mechanism of particle stabilization.  
The work described in this thesis mainly includes the treatment of 
geopolymer which is based on the PCT Patent Application “Treatment of 
Geopolymer Resin and Materials Produced Thereby” by D-K Seo, M. Mesgar, D. 
Medpelli and D.M. Ladd, filled in 2012 [1]. Our objective here is 
hydrophobization of metakaolin particle surface via simple alkali treatment, and 
formation of Pickering emulsion with the material. In order to achieve this 
purpose, firstly hydrophobic metakaolin particles were synthesized. Then the 
product was characterized with variety of techniques and finally Pickering 
emulsions of the particles were made. Another objective here is to study the 
covalent functionalization of geopolymer and make the geopolymer composite. In 
order to achieve this purpose, geopolymer composite was synthesized and then 
characterized with variety of techniques. 
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2 Experimental 
 
2.1 Preparing functionalized metakaolinite and MetaMax particles 
 
            3.5 g of sodium hydroxide (from Mallinckrodt) was dissolved in 14.0 g of 
water to produce 6.25 M solution. In the solution 10.0 g of metakolinite (MK, 
which is heated kaolinite at 750 °C for 11 hours) was added and stirred with 
mechanical stirrer (STIR-PAK MODEL 4554-10, Cole Parmer) for about 50 
minutes to produce a solution. Five of this solution should be prepared. The mole 
ratio of Na:Al:Si is 1:1:1 and mole fraction of water was 0.78. In the separate 
containers, 0, 0.073, 0.292, 0.584 and 0.876 g cetyltrimethylammonium bromide 
((C16H33)N(CH3)3Br, CTAB, from Alfa Aesar) were dissolved in 200.0 g of warm 
deionized water to produce 0, 1, 4, 8 and 12 mM of aqueous solutions of CTAB. 
Each solution was poured into the alkali treated metakaolinite (MK, which is 
heated kaolinite at 750 °C for 11 hours) and stirred with mechanical stirrer (STIR-
PAK MODEL 4554-10, Cole Parmer) for about 5 minutes. The mixtures were 
then stirred with a homogenizer (IKA T 25 digital ULTRA-TURRAX®) at 10000 
rpm for about 5 minutes. Once the stirring was stopped, the resulting particles of 
last three samples were precipitated. Centrifugation was used for all samples for 
washing more than three times to reach pH around 7. The wet particles then were 
put in the oven at 85 °C for about one day to get dried. This dried samples called 
functionalized alkali treated metakaolinite (MK). The experiment was repeated 
for the mole ratio of Na:Al:Si = 0.5 and also 2. Table 2.1 shows the number and 
the name of the samples respectively. In another experiment, instead of 
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metakaolinite (MK), MetaMax (MM, from BASF Company) which is an impure 
metakaolinite (MK) was used. For Na:Al:Si = 0.5:1:1 mole ratio, the samples 
were started with “L” (stands for low concentration of sodium hydroxide) and for 
Na:Al:Si = 1:1:1 and 2:1:1 mole ratio, the samples were started with “M” (stands 
for middle concentration of sodium hydroxide) and “H” (stands for high 
concentration of sodium hydroxide). Different concentration of CTAB (0, 1, 4, 8, 
12 mM) solution were added to L, M and H solution which lead to 15 samples 
were called Lx-MM, Mx-MM and Hx-MM (x= 0, 1, 4, 8, 12) respectively.  
Table 2-1: Functionalized alkali treated metakaolinite samples and their 
composition 
Sample Na:Al:Si/mol Sample Na:Al:Si/mol Sample Na:Al:Si/mol [CTAB]/mM 
L0-MK 0.5:1:1 M0-MK 1:1:1 H0-MK 2:1:1 0.0 
L1-MK 0.5:1:1 M1-MK 1:1:1 H1-MK 2:1:1 1.0 
L4-MK 0.5:1:1 M4-MK 1:1:1 H4-MK 2:1:1 4.0 
L8-MK 0.5:1:1 M8-MK 1:1:1 H8-MK 2:1:1 8.0 
L12-
MK 
0.5:1:1 M12-
MK 
1:1:1 H12-
MK 
2:1:1 12.0 
 
Different characterization technique such as elemental analysis (CHN, 
2400 Series II CHNS/O System, Perkin-Elmer), thermal gravimetry analysis 
(TGA, TGA/DSC 1- STARe System, Mettler-Toledo), fourier transform infrared 
spectroscopy (FTIR, BRUKER IFS 66v/S), nuclear magnetic resonance 
spectroscopy (NMR, 400 MHz Bruker Avance III spectrometer with 4mm Double 
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Resonance CP-MAS probe), X-ray Diffraction (XRD, SIEMENS D5000), Atomic 
Force Microscopy (AFM, BRUKER Dimension 3000), particle-induced X-ray 
emission (PIXE), BET surface area analyzing, (Tristar II 3020 Surface Area 
Analyzer and ASAP 2020 Surface Area) and optical microscopy were used to 
show a functionalization, particle size and morphology and other properties.  
2.2 Preparing functionalized kaolinite particles 
3.5 g of sodium hydroxide was dissolved in 14.0 g of water to produce 
6.25 M soltion. In the solution 10.0 g of kaolinite (K, from Alfa Aesar) was added 
and stirred (STIR-PAK MODEL 4554-10, Cole Parmer) for about 50 minutes to 
produce a solution. Five samples are needed. The mole ratio of Na:Al:Si is 1:1:1 
and mole fraction of water was 0.8. In the separate containers, 0, 0.073, 0.292, 
0.584 and 0.876 g cetyltrimethylammonium bromide ((C16H33)N(CH3)3Br, 
CTAB) were dissolved in 200.0 g of warm deionized water to produce 0, 1, 4, 8 
and 12 mM of aqueous solutions of CTAB. Each solution was poured into the 
alkali treated kaolinite (K) and stirred (STIR-PAK MODEL 4554-10, Cole 
Parmer) for about 5 minutes. The mixtures were then stirred with a homogenizer 
(IKA T 25 digital ULTRA-TURRAX®) at 10000 rpm for about 5 minutes. Once 
the stirring was stopped, the resulting particles of last three samples were 
precipitated. Centrifugation was used for all samples for washing more than three 
times to reach pH around 7. The wet particles then were put in the oven at 85 °C 
for about one day to get dried. This dried samples called functionalized alkali 
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treated kaolinite. The experiment is repeated for the mole ratio of Na:Al:Si = 0.5 
and also 2. Table 2.2 shows the number and the name of the samples respectively. 
Table 2.2: Functionalized alkali treated kaolinite samples and their composition 
Sample Na:Al:Si/mol Sample Na:Al:Si/mol Sample Na:Al:Si/mol [CTAB]/mM 
L0-K 0.5:1:1 M0-K 1:1:1 H0-K 2:1:1 0.0 
L1-K 0.5:1:1 M1-K 1:1:1 H1-K 2:1:1 1.0 
L4-K 0.5:1:1 M4-K 1:1:1 H4-K 2:1:1 4.0 
L8-K 0.5:1:1 M8-K 1:1:1 H8-K 2:1:1 8.0 
L12-12 0.5:1:1 M12-K 1:1:1 H12-K 2:1:1 12.0 
 
2.3 Checking the dispersibility of functionalized particles 
 
The dispersibility of functionalized MetaMax (MM), metakaolinite (MK) 
and kaolinite (K) particle was checked in various solvents. To do this, 0.05 g of 
each M sample (Table 2.1) was dispersed in 5 ml of the solvent. The organic 
solvents which were used were propylene carbonate, N-methylpyrrolidone 
(NMP), dimethylacetamide (DMAC), trichloroethylene, carbon tetrachloride, 
cyclohexane (from Sigma Aldrich), decane, dodecane (from Alfa Aesar) 
acetonitrile, dichloromethane(from Mallinckrodt Chemicals), acetone, hexane, 
iso-propanol (from BDH), buthanol (from J.T. Baker Company) and chloroform 
(from Merck). Ultrasonication is used to disperse the particle in the organic 
solvent for about 5 minutes at room temperature.  
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2.4 Preparing the Pickering emulsion of functionalized particles 
 
           M1-MM, M4-MM and M8-MM were chosen for preparing the Pickering 
emulsion in this step and later on Pickering emulsion were made for all 
functionalized particles in the same condition. In vials, 0.05 g of each 
functionalized particle sample (M1-MM, M4-MM and M8-MM) was dispersed in 
4 ml of organic solvent (hexane, decane, dodecane and chloroformthen in this 
case). Those vials were sonicated for about 10 seconds at room temperature. Once 
all particles were dispersed then 4 ml of deionized water was added to each of 
them. All the vials were then shaken with hand vigorously. In another set, the 0.05 
g of each functionalized particle (M1-MM, M4-MM and M8-MM) was added to 
deionized water. Since particles are functionalized with CTAB, they were not 
well dispersed in deionized water, although those vials were sonicated for about 5 
minutes at room temperature. After that 4 ml of organic solvent (hexane, decane, 
dodecane and chloroformthen in this case) was added to each of them. All the 
vials then were hand-shaken vigorously as before.  
2.5 Preparing geopolymer  
 
A geopolymer resin was made by dissolving 3.65 g of sodium hydroxide 
in 4.75 g of water into which 61.10 g of sodium silicate (~10.6 % Na2O, ~26.5 % 
SiO2) was added subsequently. The solution was stirred until it became 
homogeneous by visual inspection.  In the solution, 31.05 g of metakaolinite was 
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added and stirred until the solution became visually homogeneous. The solution 
was stirred further for about 20 minutes.  
5 ml of the geopolymer resin was transferred into a centrifuge tube into which 5 
ml of ethanol was added.  The tube was then closed with a cap and shaken 
vigorously.  After resting for about 1 min, the resin and ethanol were separated 
into a resin phase at the bottom and an ethanol phase at the top.  The ethanol 
phase was removed from the resin phase by decantation.  This ethanol treatment 
of the resin was repeated four more times.  The resulting viscous resin was heated 
at 110 °C for 18 hours to produce a solid material. 
2.6 Preparing geopolymer composite  
 
            5 ml of the geopolymer resin was transferred into a centrifuge tube into 
which 5 ml of glycerol was added and stirred for about 10 min to give a 
homogeneous glycerol-geopolymer composite resin.  5.0 ml of the resin was 
transferred into a centrifuge tube into which 5.0 ml of ethanol was added.  The 
tube was then closed with a cap and shaken vigorously.  After resting for about 1 
minute, the resin and ethanol were separated into a resin phase at the bottom and 
an ethanol phase at the top.  This ethanol treatment of the resin was repeated four 
more times until the supernatant solutions did not contain any noticeable amount 
of glycerol.  The resulting viscous material was heated at 110 °C for 18 hours to 
produce a solid composite material. 
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3 Results and Discussion  
PART I: Hydrophobization of Aluminosilicate via Simple Alkali Treatment, 
and Formation of Pickering Emulsion with the Material 
 
              The procedure of making functionalized aluminosilicate and geopolymer 
composite has been shown in previous chapter.  
            For making functionalized aluminosilicate particles, after preparing 
geopolymer resin, CTAB solution has been added to this resin. The solution was 
stirred for a certain time and then washing and neutralization has been done. In 
last step, wet particles has been centrifuged and dried. The functionalized 
particles showed better dispersibility in organic solvent rather than water. After 
characterization, we will make Pickering emulsions as a result of hydrophobic 
nature of these particles. 
            In the second part of this work, geopolymer composite has been made. To 
do so, given amount of glycerol has been added to geopolymer resin. Unreacted 
glycerol or extra amount of glycerol then extracted with ethanol and the product 
material has been cured and became solid. 
            In this chapter, we are trying to characterize the products with variety of 
techniques as mentioned in introduction. Functionalized aluminosilicate particles 
are the first product that has been characterized and then characterization of 
geopolymer composite will take place.    
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3.1 Elemental analysis (CHN) of functionalized particles 
 
The elemental analysis data (CHN) of functionalized kaolinite, 
metakaolinite and MetaMax sample are shown in table 3.1 to 3.3. It can be seen 
there is a trend which shows the amount of carbon comes from CTAB considering 
to the concentration of the initial CTAB, 0, 1, 4, 8 and 12 mM. There is an 
exception for M8-K and M12-K which shows the amount of CTAB is lower for 
M12-K compare to M8-K. It can be interpreted that there is a maximum amount 
of CTAB that can cover the surface of alkali treated kaolinite. This maximum 
takes place at 8mM concentration of CTAB. 
Table 3-1: Elemental analysis (CHN) of M-K samples 
Sample Carbon% Hydrogen% Nitrogen% CTAB% (Cal.) 
M0-K 0.061 1.581 -0.007 0 
M1-K 0.558 1.556 0.035 0.79 
M4-K 1.892 1.831 0.108 2.90 
M8-K 2.461 1.975 0.157 3.80 
M12-K 2.329 1.808 0.141 3.59 
 
The amount of CTAB for M0, M1, M4, M8 and M1-K was calculated to be 0.0, 
0.79, 2.90, 3.80 and 3.59% from the elemental analysis (CHN) in table 3.1.  
Table 3.2 shows the elemental analysis data (CHN) of L, M and H-MM samples.  
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Table 3-2: Elemental analysis (CHN) of L, M and H-MM samples 
Sample Carbon% Hydrogen% Nitrogen% CTAB% 
(Cal.)  
H0-MM 0.056 0.349 -0.015 0.089 
H1-MM 0.323 0.363 0.018 0.511 
H4-MM 0.628 0.535 0.035 0.944 
H8-MM 0.828 0.518 0.054 1.311 
H12-MM 1.177 0.565 0.077 1.864 
M0-MM 0.022 0.470 -0.008 0.035 
M1-MM 0.597 0.420 0.007 0.945 
M4-MM 1.459 0.460 0.076 2.310 
M8-MM 1.940 0.053 0.075 3.072 
M12-MM 1.844 0.309 0.064 2.920 
L0-MM 0.014 0.028 -0.008 0.022 
L1-MM 0.479 0.098 0.028 0.758 
L4-MM 1.506 0.298 0.09 2.384 
L8-MM 1.695 0.356 0.101 2.684 
L12-MM 1.653 0.373 0.102 2.617 
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Table 3.3 shows the elemental analysis data (CHN) of L, M and H-MK samples.  
Table 3-3: Elemental analysis (CHN) of L, M and H-MK samples 
Sample Carbon% Hydrogen% Nitrogen% CTAB% 
(Cal.)  
H0-MK 0.045 0.652 -0.018 0.071 
H1-MK 0.463 0.895 0.023 0.733 
H4-MK 0.865 0.900 0.053 1.370 
H8-MK 1.148 0.932 0.086 1.818 
H12-MK 1.406 1.086 0.077 2.226 
M0-MK 0.043 -0.009 -0.006 0.068 
M1-MK 0.520 0.159 0.033 0.823 
M4-MK 1.635 0.415 0.098 2.589 
M8-MK 2.181 0.260 0.117 3.453 
M12-MK 2.741 0.531 0.170 4.340 
L0-MK 0.054 0.011 -0.002 0.086 
L1-MK 0.523 0.123 0.037 0.828 
L4-MK 1.614 0.350 0.084 2.555 
L8-MK 2.538 0.710 0.131 4.018 
L12-MK 2.720 0.600 0.157 4.310 
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The concentration of CTAB in samples L12 and M12-MM was higher 
than the samples L8 and M8-MM but this not consistent with CHN results. This 
exception has been observed for M-K sample also. Similar to our earlier 
explanation, functionalization is reaching its maxima at surface of medium 
concentration alkali treated MetaMax in this set of experiments. This maximum 
takes place at 8mM concentration of CTAB.  
It should be noted that this exception has not been seen where high concentration 
of sodium hydroxide is used. It will be explained in NMR results later.  
Table 3.3 showed the elemental analysis data (CHN) of L, M and H-MK 
samples. The amount of calculated CTAB correlated with the initial 
concentrations of CTAB that has been used for preparing the particles. For L, M 
and H-MM samples there were two exceptions for the amounts of CTAB in L8 to 
L12 and M8 to M12-MM and which has been explained in previous section. 
Importantly, for L, M and H-MK samples this exception has not been seen. The 
reason could be the higher surface area of metakaolinite compared to MetaMax. It 
means the maximum capacity of metakaolinite to be functionalized with CTAB is 
higher than the MetaMax and probably the maximum amount of CTAB required 
for functionalization is more than 8mM.  
3.2 Thermal gravimetric analysis and differential scanning calorimetry 
(TGA & DSC) of functionalized particles 
 
           The thermographs were obtained at heating rate of 10 °C/min using 10-15 
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g of the samples. The experiments were performed in a static air atmosphere. 
Thermal decomposition of CTAB in air atmosphere can be observed in figure 3.1. 
The decomposition range of CTAB is 237 - 243 °C according to the literature 
[30]. The thermograph of CTAB, figure 3.1, shows the starting decomposition 
about 220 °C. It will be shown later that this temperature appears for all the 
functionalized particles as one of the weight loss point.  
 
           Figure 3.1: Thermal behavior of CTAB 
 
Figure 3.2, MetaMax exhibits 1% gradual weight loss from room 
temperature to 800 °C which can be related to the evaporation of physically 
absorbed water on MetaMax. The endothermic peak in DSC graph confirms the 
nature of weigh loss which is physical weight loss. Figure 3.2, Kaolinite exhibits a 
single weigh loss of 14% from 400 to 700 °C corresponding to the loss of water 
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via dehydoxylation reaction of the crystal structure in the kaolinite-metakaolinite 
phase transition [31]. The corresponding DSC run showed an endothermic 
transition at 500 °C corresponding to the 14% weight loss.   
 
               Figure 3.2: Thermal behavior of MetaMax and Kaolinite 
Figure 3.3 shows the thermographs of M4 samples which are made with 
MetaMax, metakaolinite and kaolinite. All of them show three steps weight loss 
which is corresponding to water, CTAB and heydroxyl groups. It can be seen the 
amount of CTAB for all of them is almost constant which is 1.1% for M4-MM 
and 1.3% for the others. M4-K and M4-MM shows a weight loss of 0.5% and 
M4-MK shows a 1.1% weight loss from room temperature to 180 °C 
corresponding to water. 
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Figure 3.3: Thermal behavior of M4 samples 
M4-MM shows a weight loss of 1.4% from 190 to 360 °C corresponding 
to the loss of CTAB and a small weight loss of hydroxyl groups from 400 to 800 
°C. M4-MK shows same weight loss with M4-MM except in the first step which 
has 0.6% more weight loss of water. M4-K shows a weight loss of 0.5% from 150 
°C to 220 °C corresponding to water and a weight loss of 1.3% from 220 to 340 
°C corresponding to CTAB. M4-K shows also a weight loss of 10.9% from 450 to 
700 °C corresponding to water via dehydroxylation reaction of the crystal 
structure in the kaolinite-metakaolinite phase transition [31]. 
Figure 3.4 shows the thermal behavior of M-Kaolinite (M-K) samples. A 
single weight loss of 14% at 511 °C is attributed to the water via dehydoxylation 
reaction. There is no weight loss at 220 °C because the amount of CTAB in M0-K 
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is zero. More concentration of CTAB leads to more weight loss in 220 °C and this 
can be clearly seen for M1-K, M4-K, M8-K and M12-MK in figure 3.4.  
 
Figure 3.4: Thermal behavior of M-K samples 
The amount of CTAB in M8-K and M12-K is higher than the amount of 
CTAB in M4-K and M1-K so the corresponding weight loss in M8-K and M12-K 
is higher than the weight loss of M4-K and M1-K. According to the figure 3.4, the 
amount of CTAB is almost same for M8 and M12-K. The elemental analysis data 
(CHN) showed the amount of CTAB is a little higher for M8-K than M12-K 
which has been explained in elemental analysis. The amount of CTAB for M0, 
M1, M4, M8 and M12-K samples was obtained 0, 1, 2, 3.1 and 3% from the TGA 
curve.  
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Figure 3.5 shows the thermal behavior of H-MetaMax (H-MM) samples. 
The H0-MM curve showed a weigh loss of 3.88% from room temperature to 800 
°C corresponding to water via dehydoxylation reaction. The TGA curve in figure 
3.5 shows the CTAB loss started about 220 °C for H1, H4, H8 and H12-MM 
samples. More concentration of CTAB leads to more weight loss in 220 °C and 
this can be clearly seen for H1-MM, H4-MM, H8-MM and H12-MM in figure 
3.5. According to the TGA curve the amount of CTAB for H1, H4, H8 and H12-
MM samples is 0.992, 1.385, 1.438 and 2.030%. The elemental analysis data 
(CHN) showed the amount of CTAB for all these samples are 0.511, 0.944, 1.311 
and 1.864%.  
 
Figure 3.5: Thermal behavior of H-MM samples 
Figure 3.6 shows the thermal behavior of M-MetaMax (M-MM) samples. The 
M0-MM curve showed a weigh loss of 1.13% from room temperature to 800 °C 
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corresponding to water via dehydoxylation reaction. Considering the TGA curve, 
the CTAB weight loss started about 220 °C for M1, M4, M8 and M12-MM 
samples. More concentration of CTAB leads to more weight loss in 220 °C and 
this can be clearly seen for M1-MM, M4-MM, M8-MM and M12-MM in figure 
3.6. According to the TGA curve the amount of CTAB for M1, M4, M8 and M12-
MM samples is 0.583, 1.109, 1.428 and 1.336%.  
 
Figure 3.6: Thermal behavior of M-MM samples 
The amount of CTAB decreases from H-MM samples to M-MM samples 
because the amount of negative charge on the surface for H-MM is higher than 
M-MM samples. From M8-MM and M12-MM there is an exception which shows 
the amount of CTAB is lower for M12-MM compared to M8-MM. Similar to 
before, it can be interpreted there is a maximum amount of CTAB that can be 
functionalized at the surface of alkali treated MetaMax. This maximum takes 
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place at 8mM concentration of CTAB. The elemental analysis data (CHN) 
showed the amount of CTAB for M1, M4, M8 and M12-MM samples is 0.945, 
2.310, 3.072 and 2.920%. 
The thermal behavior of L-MetaMax (L-MM) samples is shown in figure 
3.7. The CTAB loss started about 220 °C for L1, L4, L8 and L12-MM samples. 
More concentration of CTAB leads to more weight loss in 220 °C and this can be 
clearly seen that for L1-MM, L4-MM, L8-MM and L12-MM in figure 3.7.  
 
Figure 3.7: Thermal behavior of L-MM samples 
From the TGA curve the amount of CTAB for L1, L4, L8 and L12-MM 
samples is 0.523, 1.027, 1.253 and 1.261%. It can be seen the amount of CTAB 
decreases from H-MM and M-MM samples to L-MM samples because the 
amount of negative charge on the surface for H-MM and M-MM is higher than L-
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MM samples. The elemental analysis data (CHN) showed the amount of CTAB 
for L1, L4, L8 and L12-MM samples is 0.758, 2.384, 2.684 and 2.617%. Clearly, 
the TGA and elemental analysis (CHN) results show the similar trend.  
The thermal behavior of H-Metakaolinite (H-MK) samples is shown in 
figure 3.8. From room temperature to 800 °C the weight loss of 7.11% can be 
seen for H0-MK due to loss of water in dehydoxylation reaction. The CTAB loss 
started about 220 °C for H1, H4, H8 and H12-MK samples. Similar to other 
samples, more concentration of CTAB leads to more weight loss in 220 °C and 
this can be clearly seen for H1-MK, H4-MK, H8-MK and H12-MK in figure 3.8. 
The amount of CTAB for H1, H4, H8 and H12-MK samples is 1.951, 2.331, 
2.431 and 2.644%. The elemental analysis data (CHN) showed the amount of 
CTAB is 0.733, 1.370, 1.818 and 2.226%. 
 
Figure 3.8: Thermal behavior of H-MK samples 
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The thermal behavior of M-Metakaolinite (M-MK) samples is shown in 
figure 3.9. The M0-MK curve showed a weight loss of 1.46% from room 
temperature to 800 °C corresponding to the loss of water in dehydoxylation 
reaction similar to H0-MK. 
  
Figure 3.9: Thermal behavior of M-MK samples 
 
The CTAB loss was about 220 °C for M1, M4, M8 and M12-MK samples. 
More concentration of CTAB leads to more weight loss in 220 °C and this can be 
clearly seen for M1-MK, M4-MK, M8-MK and M12-MK in figure 3.9. 
According to the TGA curve the amount of CTAB for M1, M4, M8 and M12-MK 
samples is 0.385, 1.269, 1.470 and 1.804%. It can be seen the amount of CTAB 
decreases from H-MK samples to M-MK samples because the amount of negative 
charge on the surface for H-MK is higher than M-MK samples as explained 
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before. The elemental analysis (CHN) showed the amount of CTAB for M1, M4, 
M8 and M12-MK samples is 0.823, 2.589, 3.453 and 4.340%. 
The thermal behavior of L-metakaolinite (L-MK) samples is shown in 
figure 3.10. The L0-MK curve showed a weigh loss of 1.44% from room 
temperature to 800 °C corresponding to the loss of water in dehydoxylation 
reaction.  
  
Figure 3.10: Thermal behavior of L-MK samples 
 
The CTAB loss was about 220 °C for L1, L4, L8 and L12-MK samples. More 
concentration of CTAB leads to more weight loss in 220 °C and this can be 
clearly seen for L1-MK, L4-MK, L8-MK and L12-MK in figure 3.10. The 
amount of CTAB for L1, L4, L8 and L12-MK samples is 0.723, 1.463, 2.192 and 
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2.474%. The elemental analysis (CHN) data showed the amount of CTAB is 
0.828, 2.555, 4.018 and 4.310%. 
 In summary, TGA data showed a weight loss about 220 °C for all samples 
which had CTAB. For some cases such as M-MetaMax (M-MM) samples, it can 
be seen that there was a maximum amount of CTAB that can be functionalized 
and this maximum took place at 8 mM concentration of CTAB. This result 
correlated also with CHN analysis. 
 For all metakaolinite samples (L, M and H-MK), TGA result showed that 
the mount of CTAB for 12 mM samples is higher than 8 mM in all cases which 
has not seen for MetaMax samples (The amount of CTAB is higher for M8-MM 
compared to M12-MM). The reason behind this is not clear but it might be related 
to difference between the surface area of MetaMax and metakalolinite.  
3.3 Particle-induced X-ray emission (PIXE) analysis of functionalized 
particles 
 
Table 3.4 shows the chemical composition of MetaMax (MM) as received. 
It can be seen the mole ratio of silicon to aluminum in commercial pristine 
MetaMax is almost 1 to 1. The PIXE results are consistent with that and it is also 
1 to 1. Table 3.5 shows the PIXE results of L and M-MM samples in ppm.  
Table 3-4: Chemical composition of MetaMax 
MM SiO2 Al2O3 Na2O K2O TiO2 Fe2O3 CaO MgO P2O5 SO3 LoI 
Percent 53.0 43.8 0.23 0.19 1.7 0.43 0.02 0.03 0.03 0.03 0.46 
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           The mole ratio of silicon to aluminum for L and M-MM samples is 1 to 1. 
This means there is no leaching for silicon and aluminum during washing and 
neutralization steps. The results showed the amount of sodium is very low. Since 
large amount of water was added to the geopolymer resin of L and M-MM 
samples for washing and neutralization, it can be interpreted the most of sodium 
was gone during that process.  
Table 3-5: PIXE results of L and M-MM (ppm) 
 
Sample 
 
Na 
 
Mg 
 
Al 
 
Si 
 
Ca 
 
Ti 
 
Fe 
L0 0.002 0.002 240 250 0.0007 0.007 0.002 
L1 0.002 0.002 240 240 0.0007 0.008 0.003 
L4 0.002 0.002 240 250 0.0004 0.009 0.002 
L8 0.002 0.002 240 250 - 0.007 0.002 
L12 0.001 0.002 240 240 0.0003 0.008 0.003 
M0 0.002 0.001 240 240 0.0003 0.008 0.003 
M1 0.002 0.001 240 250 0.0003 0.008 0.003 
M4 0.001 0.002 240 250 0.0004 0.010 0.003 
M8 0.002 0.002 240 250 0.0004 0.010 0.003 
M12 0.002 0.001 240 250 0.0004 0.009 0.002 
 
Pristine commercial MetaMax includes some impurities as table 3.4 shows 
and PIXE results of L and M-MM samples could show the impurities which are 
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calcium, magnesium, iron and titanium. Therefore the impurities cannot be 
remove (or wash) during washing and neutralization steps.  
3.4 FT-IR analysis of functionalized particles 
 
The functionalization of MetaMax, Metakaolinite and Kaolinite was also 
confirmed by FT-IR analysis. Figure 3.11 shows FT-IR spectra of kaolinite, 
metakaolinite and M4-MM (M4-MetaMax was chosen as an example of 
functionalized particle by CTAB). The samples were prepared with KBr as a 
pellet.  
  
Figure 3.11: FT-IR spectra of kaolinite, metakaolinite and M4-MM 
 
           According to the literature [15] the peaks below the 1300 cm-1 are 
mostly attributed to silicon, aluminum and oxygen. For example, the peak 
assigned at 694 cm-1 is due to the Si-O symmetrical stretching bond which can be 
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seen for kaolinite, metakaolinite and M4-MM. The broad peak around 1000 cm-1 
is attributed to Si-O or Al-O asymmetrical stretching and also Si-O symmetrical 
stretching which can be seen for all of them. The broad peaks around 3616 and 
3645 and 3683 cm-1 were attributed to OH stretching and peak around 1620 cm-1 
is assigned to OH stretching of water [32].  
 The broad OH stretching peak at 3600 cm-1 is not so strong in M4-MM sample 
which can be interpreted by the process called geopolymerization [15, page 47]. It 
will be proved later by 27Al-NMR. In geopolymerization process, Al-OH and Si-
OH can be condensed and make Si-O-Al bond and release water. The peak at 
2918 and 2850 cm-1 were attributed to CH stretching (asymmetrical and 
symmetrical) bond which is because of CTAB and those peaks cannot be seen in 
kaolinite and metakaolinite since there is no CTAB inside those samples. Those 
two peaks clearly showed that CTAB is functionalized at the surface of 
aluminosilicate (MetaMax, kaolinite and metakaolinite).  
3.5 Solid-State NMR of functionalized particles 
 
            A series of 27Al MAS NMR experiments were performed on MetaMax, 
L0-MM, L8-MM, M0-MM, M8-MM, H0-MM and H8-MM in order to obtain the 
information regarding the aluminum structure, environment and 
geopolymerization process in those samples. For all cases, 79Br was used for 
setting the magic angle and 1M AlCl3 (aq) was used as a standard and chemical 
shift reference. According to the literature [15, 33], the tetra-coordinated 
aluminum resonate at approximately 50 ± 20 ppm while six-coordinated 
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aluminum resonate at approximately 0 ± 10 ppm that has been referred to 
Al(H2O)63+. It should be noted that penta-coordinated aluminum resonate between 
tetra and hexa-coordinated.  
In 3D-framework of aluminosilicate, there is a principle called the 
Loewenstein aluminum avoidance principle. That principle states whenever two 
tetrahedral species are linked by one oxygen bridge, aluminum can only be as one 
of the tetrahedral species. Consequently there cannot be any Al-O-Al linkage 
(Loewenstein, 1954). The environment of every aluminum is Al(4Si).  
  
Figure 3.12: 27Al-NMR of MetaMax, L0, M0 and H0-MM 
 
The 27Al-NMR of MetaMax, L0-MM, L8-MM, M0-MM, M8-MM, and 
H0-MM, H8-MM is shown in figures 3.12 and 3.16 respectively. The spectrum of 
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pristine MetaMax reveals signals at 55, 32 and 7 ppm which are corresponding to 
tetra, penta and hexa-coordinated aluminum. It can be seen in pristine MetaMax, 
most of the aluminum has penta and hexa-coordinated as expected. 
Figure 3.12, it can be seen that there is an increase in the intensity for the 
peak at 55 ppm while decrease in the intensity for the peaks at 32 and 7 ppm. 
Pristine MetaMax has mostly penta and hexa-coordinated aluminum as mentioned 
before. L0 and M0-MM shows a little increase in the intensity for the peak at 55 
ppm which can be interpreted that only aluminum at the surface has tetra-
coordinated and most of the MetaMax remains unreacted. H0-MM reveals a huge 
increase in intensity for peak at 55 ppm that can be interpreted most of the penta 
and hexa-coordinated aluminum converted to the tetra-coordinated aluminum and 
geopolymerization takes place. Thus, the concentration of sodium hydroxide 
plays an important role in geopolymerization process. At low concentration of 
sodium hydroxide, geopolymerization is almost complete and coordination of 
aluminum is mostly tetrahedral.  
27Al NMR of MetaMax, L8, M8 and H8-MM is shown in figure 3.13 
shows the. It can be seen that there is increase in the intensity for the peak at 55 
ppm while decreasing the intensity for the peaks at 32 and 7 ppm. Similar to L0 
and M0-MM, the L8 and M8-MM shows a little increase for the peak at 55 ppm 
which can be interpreted that only aluminum at the surface has tetra-coordinated 
and most of the MetaMax remains unreacted. 
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Figure 3.13: 27Al-NMR of MetaMax, L8, M8 and H8-MM 
 
 H8-MM reveals a huge increase in the intensity similar to H0-MM for 
peak at 55 ppm that can be interpreted that at high alkali concentrated most of the 
penta and hexa-coordinated aluminum converted to the tetra-coordinated 
aluminum and geopolymerization is almost complete. 
3.6 X-ray diffraction (XRD) of functionalized particles 
 
The X-ray diffraction patterns of kaolinite as received, M0, M1, M4, M8 
and M12-K is shown in figure 3.14.  
According to the literature [31], two major peaks in 12 and 25 (2-theta 
angle) are related to (001) and (002) plane with d-spacing of 7.12 Å and 3.57 Å.   
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Figure 3.14: XRD pattern of Kaolinite, M0, M1, M4, M8 and M12-K 
 
From figure 3.14, it is clear that there is no significant difference between 
the kaolinite and the others. The mole fraction of sodium to aluminum and silicon 
is 1:1:1. It can be seen by dissolving kaolinite in low concentration of sodium 
hydroxide solution, most of the kaolinite cannot be dissolved and remains 
unreacted. Since elemental analysis and TGA shows the presence of organic 
compound then it can be interpreted the functionalization of CTAB occurs only at 
the surface and the entire structure of these particles dose not change. 
Table 3-4: Chemical composition of MetaMax 
MM SiO2 Al2O3 Na2O K2O TiO2 Fe2O3 CaO MgO P2O5 SO3 LoI 
Percent 53.0 43.8 0.23 0.19 1.7 0.43 0.02 0.03 0.03 0.03 0.46 
 
            The table 3.4 shows the amount of titanium dioxide is 1.7%. After alkali 
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treatment of MetaMax, titanium dioxide is still remaining in the structure as 
impurity which means titanium dioxide ha no effect in the geopolymerization. 
  
Figure 3.15: XRD pattern of MetaMax, M0, M1, M4, M8 and M12-MM 
 
 Figure 3.15 shows the X-ray diffraction patterns of MetaMax as received, 
M0, M1, M4, M8 and M12-MM. There is a same impurity in all patterns (peak in 
26 and 37 at 2-theta) which is related to titanium dioxide (anatase). Table 3.4 
shows the chemical composition of MetaMax (MM) as received. 
            From figure 3.15, it can be seen there is no significant difference in the 
peak position among M0, M1, M4, M8 and M12 samples. Thus CTAB addition 
does not make any significant change. Figure 3.16 shows the XRD pattern of 
MetaMax as received, L0, M0 and H0-MM. It can be seen there is a peak shifting 
from MetaMax to H0-MM to higher angle (from 24 to 27 at 2-theta). This 
correlate well with the 27Al-NMR results where has shown the concentration of 
sodium hydroxide affect the coordination of aluminum 
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Figure 3.16: XRD pattern of MetaMax, L0, M0 and H0-MM  
 
 
 Figure 3.17: XRD pattern of MetaMax, L8, M8 and H8-MM 
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It mentioned that almost complete geopolymerization took place in H-MM 
samples. According to the literature [15, 34] the characteristic of 
geopolymerization is a broad peak around 25 (2-theta). Therefore the XRD result 
of H0-MM is consistent with the previous result and geopolymerization is 
confirmed in H0-MM sample. It should be noted that peak position of titanium 
dioxide (anatase) did not change from MetaMax to H0-MM sample while the 
broad peak at 25 (2-theta) changed, which means titanium dioxide has no effect 
on geopolymerization process.  
Figure 3.17 shows the XRD pattern of MetaMax as received, L8, M8 and H8-MM 
which is similar to figure 3.16 with same explanation that has been mentioned in 
last section.   
3.7 Surface area analysis of functionalized particles 
 
It is important to see if the change in the coordination of aluminum during 
geopolymerization affects the surface area and pore properties. It has been 
mentioned that there is no significant difference in coordination of aluminum 
between L and M samples of MetaMax and metakolinite as confirmed by 27Al-
NMR. It is shown for M and L samples that there is surface dissolution and most 
of the penta and hexa-coordinated aluminum remained unreacted. Although the 
high concentrated sodium hydroxide samples (H-samples) of MetaMax and 
metakaolinite showed different 27Al-NMR spectra that confirmed most of the 
penta and hexa-coordinated aluminum has been converted to tetra-coordinated 
aluminum. Thus, a significant dissolution of MetaMax and metakaolinite in 
  40
highly concentrated sodium hydroxide solution takes place. The Surface areas for 
the MetaMax, metakaolinite, L0-MM, M0-MM, H0-MM, M0-MK and H0-MK 
were measured using nitrogen adsorption/desorption methods (table 3.6).  
Table 3-6: Selected properties of MM, MK, L0-MM, M0-MM, H0-MM, M0-MK 
and H0-MK 
 
Sample 
Na:Al:Si mole 
ratio 
BET surface 
areaa/m2.g-1 
BJH desorption 
average  pore 
diameterb/nm 
BJH adsorption 
cumulative pore 
volumec/cm3.g-1 
MM 0:1:1 12 16 0.05 
MK 0:1:1 21 20 0.10 
L0-MM 0.5:1:1 12 18 0.05 
M0-MM 1:1:1 12 17 0.05 
H0-MM 2:1:1 10 18 0.04 
M0-MK 1:1:1 21 18 0.10 
H0-MK 2:1:1 11 22 0.06 
a By the use of t-plots with the Harkins-Jura model. b 4(total pore volume)/(surface area). 
c From the pores with their pore width no larger than 150 nm 
 
From the table 3.6, one can notice that surface dissolution or complete 
dissolution does not alter the surface area properties. It was expected that 
complete dissolution in high alkali solution should change the surface area or pore 
properties. However, there was no clear trend which could be correlated. The 
reason behind this observation is not clear.It can be seen that MetaMax has lower 
surface area than metakaolinite. Therefore for those samples which were made 
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with MetaMax had lower surface area than the samples which were made with 
metakaolinite. Thus, M0-MM has lower surface area than M0-MK and H0-MM 
has also lower surface area than H0-MK.  
3.8 SEM and TEM images of functionalized particles 
 
Figures 3.18-3.25 show the SEM and TEM images of MetaMax, L0-MM, 
M0-MM and H0-MM. 
The SEM images of MetaMax (figure 3.18) showed the platelet structure of the 
particles and the average particle size of the particle is about 1.2 micrometer 
according to the data sheet of this product from BASF Company. The SEM of L0-
MM (figure 3.19) shows that there is no significant change in morphology 
compared to the pristine MetaMax and the platelet structure is still remaining as a 
main morphology for L0-MM particle.The SEM of M0-MM (figure 3.20) is 
almost similar to L0-MM. It has been mentioned before that for L0 and M0 
samples there was a surface dissolution. Thus, same morphology is expected for 
both of them and partial dissolution of MetaMax does not give much 
morphological change. Figures 3.21 and 3-22 show the SEM images of H0-MM. 
By dissolving MetaMax in high concentrated sodium hydroxide the entire 
structure has been changed. Which means almost complete dissolution takes 
place.  
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Figure 3.18: SEM images of MetaMax 
 
 
Figure 3.19: SEM images of L0-MM 
 
 
Figure 3.20: SEM images of M0-MM 
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Figure 3.21: SEM images of H0-MM (Low magnification) 
 
  
Figure 3.22: SEM images of H0-MM (High magnification) 
 
Figure 3.23 shows the TEM images of pristine MetaMax which has 
platelet structure.  
The TEM images of L0-MM and M0-MM (figure 3.24 and 3-25) shows 
that there is no significant change in morphology compared to the pristine 
MetaMax and it has been mentioned before that for L0 and M0 samples there was 
a surface dissolution. Thus, same morphology is expected for both of them and 
partial dissolution of MetaMax does not give much morphological change.  
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Figures 3.26 and 3-27 show the TEM images of H0-MM. By dissolving 
MetaMax in high concentrated sodium hydroxide the entire structure has been 
changed. Which means almost complete dissolution takes place and it can be 
clearly seen in those images. This is consistent with previous results such as 27Al 
NMR, XRD and SEM. 
  
Figure 3.23: TEM images of MetaMax 
 
  
Figure 3.24: TEM images of L0-MM 
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Figure 3.25: TEM images of M0-MM 
 
  
Figure 3.26: TEM images of H0-MM (Low magnification) 
 
  
Figure 3.27: TEM images of H0-MM (High magnification) 
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3.9 Dispersibility of functionalized particles  
 
The dispersibility of functionalized MetaMax has been checked in various 
solvents. To do this, 0.05 g of each M-MM sample (Table 3.2) was dispersed in 5 
ml of the solvent. The organic solvents which were used were propylene 
carbonate, N-methylpyrrolidone (NMP), dimethylacetamide (DMAC), 
trichloroethylene, carbon tetrachloride, cyclohexane (from Sigma Aldrich), 
decane, dodecane (from Alfa Aesar) acetonitrile, dichloromethane(from 
Mallinckrodt Chemicals), acetone, hexane, iso-propanol (from BDH), buthanol 
(from J.T. Baker Company) and chloroform (from Merck). Sonication is used to 
disperse the particle in the organic solvent for about 10 minutes at room 
temperature.  
After one day, propylene carbonate and N-methylpyrrolidone shows more 
disperse solution than the other solvents. Dimethylacetamide, iso-propanol and 
chloroform were the second set in terms of solution dispersibily and for the 
remaining solvents the particles were precipitated.  
3.10 Pickering emulsion of functionalized particles  
 
Pickering emulsion of all functionalized particles has been made to see the 
stability. To do so, 3 ml of oil was added to vial which has 0.055 g of 
functionalized particle. Sonication has been used (10 seconds) to disperse the 
particles and then 3 ml of water was added. The vials have been shaken with hand 
for 10 seconds. Figure 3.28 and 3.29 shows the Pickering emulsions after two and 
eight days. 
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Figure 3.28: Pickering emulsion of samples after two days  
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Figure 3.29: Pickering emulsion of samples after eight days 
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Figure 3.29: Pickering emulsion of samples after eight days (cont.) 
For all series, it can be clearly seen that samples which do not have any 
CTAB, all particles precipitated. For samples that have 1 mM CTAB, Pickering 
emulsions are very unstable and that could be because of low amount of CTAB. 
For 4, 8 and 12 mM of CTAB, Pickering emulsions are stable and it seems that 
they are water in oil (W/O) Pickering emulsion. 
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3.11 Optical microscopy images of Pickering emulsions 
 
 For finding the average size of Pickering emulsion droplets and also 
comparing the samples to find the most stable one, optical microscopy was used.  
Figure 3.30 shows the optical microscopy images of L8, M8 and H8-MM in 
hexane and decane in addition to M8-MK and M8-K.  
8 mM concentration of CTAB showed a little lower droplet size than 4 
and 12 mM. Therefore, 8mM sample was chosen to be showed here. 
The amount of particle plays very important rule. For example, in one experiment 
0.045 g of particle has been used for making Pickering emulsion and the results 
showed for kaolinite samples, the Pickering emulsions are not stable for all of 
them (0, 1, 4, 8 and 12 mM). In another experiment, 0.055 g of particle has been 
used for making Pickering emulsion and kaolinite showed stable Pickering 
emulsion. Figure 3.30 shows that kaolinite Pickering emulsion droplets are 
smaller than MetaMax. The reason behind this is not clear. 
It was mentioned before that the small droplets make more stable 
Pickering emulsion. The results showed that metakaolinite particle works better 
than MetaMax in terms of the size of droplets.  
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Figure 3.30: Optical microscopy images of Pickering emulsion of particles,      
H8-MM a) H/W and b) D/W; M8-MM c) H/W and d) D/W;L8-MM e) H/W and    
f) D/W; 
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Figure 3.30: Optical microscopy image of Pickering emulsion of particles (Cont.) 
M8-MK g) H/W and h) D/W; M8-K i) H/W and j) D/W; 
In previous section it was mentioned that the samples that have 0 mM and 
1 mM of CTAB do not make a stable Pickering emulsion and this is confirmed 
with optical microscopy also (the optical microscopy images have not been shown 
here). Among 4 mM, 8 mM and 12 mM samples, the samples that have 8 mM  
M8-MM was chosen for comparing with other works in the literature. In 
one study, S. Zhang et al. [35] used Laponite (one type of clay) functionalized 
with CTAB to make a Pickering emulsion. Their result shows that for 1.0 g of 
clay, 1.1 mmol of CTAB has been used as a surfactant. Our result shows for 1.0 g 
of MetaMax, 0.16 mmol of CTAB has been used as a surfactant. Therefore, in this 
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study the amount of CTAB which is used for 1.0 g of clay is less than their study. 
It should be noted that in their study, they used at least 12 hours stirring for 
making the CTAB/Laponite liquid dispersion but in this study no stirring was 
used. All samples were shaken with hand for 10 seconds. Also, there is no 
significant difference between the size of droplets in this study and their study 
according to the optical microscopy images. 
PART II: Possibility of Chemical bond between geopolymer and glycerol 
 
In this section, the interaction between geopolymer resin and glycerol is 
being studied. We are trying to show the possibility of chemical bond between 
them. Both of them have hydroxyl group and condensation can take place. 
Therefore aluminum (or silicon) will join to carbon with oxygen, Al(Si)–O–C. 
Some characterization has been done to study the interaction between 
geopolymer resin and glycerol such as TGA, FTIR, elemental analysis (CHN) and 
solid state NMR.  
Hirsemann et al. was reporting covalent grafting of kaolinite with ethylene 
glycol. In addition to FTIR and TGA which are common methods to characterize 
this covalent grafting, they used a well-studied solid state NMR to prove the 
existence of covalent grafting on the atomic scale but unfortunately that study is 
restricted to monolayer coverage of the accessible surface [36].  
In our study, we are also trying to show that covalent grafting can take 
place. Furthermore, there are some side evidences which are strongly consistent 
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with covalent bonding. The evidence is related to the binding property of glycerol. 
Once mature geopolymer is made, there can be seen a lot of cracks because of 
water evaporation and species took apart from each other. Glycerol can bind to 
the geopolymer species and keep those species together and prohibit that 
separation. We observed this and there was no crack on the surface of 
geopolymer/glycerol composite and this observation strongly recommend 
covalent grafting of geopolymer with glycerol.  
In upcoming session we show the results of TGA, FTIR, CHN and solid 
state NMR to suggest the covalent grafting of geopolymer with glycerol. 
3.12 Thermal gravimetric analysis and differential scanning calorimetry 
(TGA & DSC) 
 
The TGA was obtained at heating rate of 10 °C/min up to 500 °C using 
10-15 g of the samples. The experiments were performed in a static air 
atmosphere. Figure 3.31 shows the TGA of geopolymer (GP), geopolymer treated 
with ethanol (GP/EtOH) and geopolymer/glycerol (GP/Gly) composite. The 
gradual decreasing in weight of geopolymer which is 8% from room temperature 
to 450 °C could be related to the loss of water and also hydroxyl group. For 
geopolymer treated with ethanol (GP/EtOH) this weigh loss is less than 
geopolymer (GP) which can be interpreted ethanol can extract some amount of 
water.  
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Figure 3.31: Thermograph of GP, GP/EtOH and GP/Gly 
 
For geopolymer/glycerol (GP/Gly) composite, there is gradual weigh loss 
(7-8%) from room temperature to 390 °C and a sharp weigh loss (15%) about 400 
°C. The first weigh loss could be because of the water and hydroxyl groups same 
as GP and GP/EtOH. Since the DSC shows very sharp exothermic peak in this 
area then the second weigh loss could be related to the glycerol combustion. 
According to the literature [37] the boiling point of glycerol is 290 °C but it can 
be clearly seen in figure 3.31, there is no weigh loss in this temperature that can 
be interpreted the non-existence of free or unreacted glycerol. From this result, it 
can be interpreted that there may be a chemical bond between glycerol and 
geopolymer. This chemical bond is Al(Si)-O-C. The GP/Gly sample became a 
little grayish which also shows the combustion of glycerol present in the 
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geopolymer matrix. This is also consistent with DSC curve that shows the sharp 
exothermic peak.  
In the coming subsections, the interaction of glycerol and geopolymer 
resin will be established using FTIR, Elemental analysis (CHN) and 13C NMR. 
3.13 FTIR analysis 
 
 FT-IR spectra of GP, GP/EtOH and GP/Gly are shown in figure 3.32. The 
samples were prepared with KBr as a pellet. As explained earlier, the peaks below 
the 1300 cm-1 are mostly attributed to silicon, aluminum and oxygen. For 
example, the peak assigned at 706 cm-1 is due to the Si-O symmetrical stretching 
bond which can be seen for GP, GP/EtOH and GP/Gly. This peak also can be 
related to Si-O-Al (bending) vibration. The broad peak around 1000 cm-1 is 
attributed to Si-O or Al-O asymmetrical stretching and also Si-O symmetrical 
stretching which can be seen for all of them. The broad peaks around 3616 and 
3645 and 3683 cm-1 were attributed to OH stretching and peak around 1620 cm-1 
is assigned to OH bending vibration of water [32]. 
GP and GP/EtOH shows a shoulder peak around 876 cm-1 which can be 
attributed to either Si-OH or Al-OH vibration [15]. GP/Gly does not show this 
shoulder peak in this area. This means that there are not enough hydroxyl groups 
to be detected by FTIR. This is consistent with the fact that condensation between 
glycerol and geopolymer has taken place. The broad peak at 1000 cm-1 is due to 
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Si(Al)-O asymmetrical vibration [15]. The peak in 1635 cm-1 can be assigned to 
deformation of water [31, 38] 
  
Figure 3.32: FTIR spectra of GP, GP/EtOH and GP/Gly 
 
GP/EtOH and GP/Gly shows a peak in 1450 cm-1 which could be related 
to CH2 bending vibration [39]. The GP does not show this peak because there is 
no carbon bonding in this sample.  
The broad OH stretching peak at 3600 cm-1 is not so strong in GP sample 
which can be interpreted by the process called geopolymerization as mentioned 
before. In geopolymerization process, Al-OH and Si-OH can be condensed and 
make Si-O-Al bond and release water.  
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The peaks at 2846, 2879 and 2920 cm-1 in GP/Gly is attributed to CH 
stretching (asymmetrical and symmetrical) bond which is because of glycerol and 
those peaks cannot be seen in GP since there is no carbon in this sample. The 
GP/Gly shows also some peaks at 1298, 1338 and 1365 cm-1 which is related to 
combination of wagging and twisting of CH2 [31, 38-39]. These result showed the 
presence of glycerol in geopolymer. Therefore, FTIR support our TGA results and 
there may be a chemical bond between glycerol and geopolymer. 
3.14 Elemental analysis (CHN) 
 
 Table 3.7 shows the elemental analysis (CHN) results of GP, GP/EtOH 
and GP/Gly. This result shows about 12% carbon for GP/Gly which is because of 
glycerol. The amount of carbon for GP and GP/EtOH can be ignored and they 
might be because of the carbon dioxide form the air.  
The elemental analysis confirms the presence of carbon which is due to glycerol. 
Therefore, elemental analysis supports our TGA and FTIR results. 
Table 3.7: Elemental analysis of GP, GP/EtOH and GP/Gly 
Sample Carbon% Hydrogen% Nitrogen% 
GP 0.314 0.944 0.012 
GP/EtOH 0.214 0.664 0.005 
GP/Gly 11.934 2.186 0.027 
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3.15 Solid state 13C NMR analysis 
 
 For proving the existence of carbon and the environment of that, one of 
the best techniques could be 13C NMR. The solid state 13C CP/MAS NMR is done 
on GP, GP/EtOH and GP/Gly. Figure 3.33 shows the 13C CP/MAS NMR spectra 
of the samples. It can be clearly seen there is no peak for GP and GP/EtOH since 
there is not organic moiety present.  
GP/Gly shows a peak with a shoulder at about 70 ppm.  This peak is 
because of glycerol. According to the literature [40], the chemical shift of carbons 
in glycerol is 72.37 and 63.05 ppm. 
        
Figure 3.33: 13C CP/MAS NMR spectra of GP, GP/EtOH and GP/Gly            
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This NMR is cross polarization NMR and shows any rigid carbon that has 
interaction with neighbor hydrogen. The direct 13C NMR is also done and the 
result shows two peaks confirming that there is some glycerol which are more 
free to move and they are not rigid like cross polarization NMR. This can be 
interpreted that there is some unreacted glycerol is in the pores.  
The 1H and 29Si NMR also were done on GP, GP/EtOH and GP/Gly. 
There is hydrogen for all samples and typically it is hard to do solid state NMR 
for hydrogen. The 29Si NMR was also not clear like 1H NMR and more time, high 
resolution NMR instrument is needed. Therefore, 29Si NMR and 1H NMR are not 
given. 
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4 Conclusions 
 
In first part of this work, the hydrophobization of alkali treated 
metakaoline was carried out. Then, the functionalized particles were used to 
prepare the stable Pickering emulsion.  
Commercial metakaolinite (MetaMax), Metakaolinite and Kaolinite used as a 
aluminosilicate source to be functionalized with surfactant which was 
cetyltrimethylammonium bromide ((C16H33)N(CH3)3Br, CTAB).  
Presence of CTAB at the surface of aluminosilicate was proven by variety 
of techniques such as Thermogravimetric (TGA), FTIR, Elemental analysis 
(CHN) and other characterization methods. Stable Pickering emulsion itself was 
also another proof that shows the surface of the particles is hydrophobized.  
The results showed that there is a maximum amount of CTAB that can be 
functionalized at the surface of MetaMax and this maximum has taken place at 8 
mM concentration of CTAB. The results also showed that MetaMax can make 
more stable Pickering emulsion than metakaolinite and kaolinite. However, the 
ratio between amount of particles and liquids play an important role for making 
more stable emulsion. Wight of functionalized particles always kept as 1.0% of 
the liquid phase. 
The size of Pickering emulsion droplets was determined by optical 
microscopy and it was ranging from ten to hundreds of micrometer. 
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This work showed very fast and easy way to make a Pickering emulsion of 
aluminosilicate compared to the literature which people used stirring for long 
time. 
In the second part of this work, the possibility of covalent grafting of 
glycerol to geopolymer was shown by TGA/DSC, NMR. The exothermic peak at 
400 °C in DSC curve showed the combustion of glycerol. The peak about 70 ppm 
(with small shoulder) in13C NMR also was another evidence for covalently 
grafted glycerol to the geopolymer.The CHN result showed 12% of carbon in 
geopolymer/glycerol composite. One indirect evidence that strongly recommend 
the chemical grafting of geopolymer with glycerol was related to the surface of 
final product which was very smooth without any crack after curing of 
geopolymer/glycerol composite. This might be because of binding glycerol to the 
geopolymer particles that prohibit the separation of species since mature 
geopolymer has a lot of cracks.  
This covalent grafting of geopolymer can led to preparation of new 
materials with numerous applications such as support catalyst, thin coating 
reagent and flame retardant material. 
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